The advent of innovative sequencing technology referred to as "Next-Generation" Sequencing (NGS), provides a new approach to identify the 'unknown known' and 'unknown unknown' viral pathogens without a priori knowledge. The genomes of plant viruses can be rapidly determined even when occurring at extremely low titers in the infected host. The method is based on massively parallel sequencing of the population of small RNA molecules 18-35 nucleotides in length produced by RNA silencing host defense. Improvements in chemistries, bioinformatic tools and advances in engineering has reduced the costs of NGS, increased its accessibility, and enabled its application in the field of plant virology. In this review, we discuss the utilization of the Illumina GA IIX platform combined with the application of molecular biology and bioinformatic tools for the discovery of a novel cytoplasmic Citrus leprosis virus (CiLV). This new virus produced symptoms typical of CiLV but was not detected with either serological or PCR-based assays for the previously described virus. The new viral genome was also present in low titer in sweet orange (Citrus sinensis), an important horticultural crop with incomplete genomic resources. This is a common situation in horticultural research and provides an example of the broader utility of this approach. In addition to the discovery of novel viruses, the sequence data may be useful for studies of viral evolution and ecology and the interactions between viral and host transcriptomes.
Introduction
The identification of pathogens remains a major focus of the fields of plant pathology and medicine. Causal agent identification and detection remains particularly important for the field of plant virology, where the lack of host immune systems and post infection therapy options mean that early and correct pathogen detection is still the best tool for the prevention of disease epidemics. Prior to the development of molecular tools, the identification of unknown viruses in infected plants relied on conventional methods such as identification of a suitable experimental plant host, purification of the virus by precipitation and differential or gradient centrifugation followed by electron microscopy [1] . These methods were remarkably effective, as evidenced by the large number of characterized plant viruses identified prior to the molecular age. However, these methods were fairly labor intensive and required longer periods of time between problem identification and causal pathogen characterization. In addition, morphology and biological characteristics can be misleading when multiple viruses share similar traits.
The development of immuno-based detection techniques such as ELISA [2] revolutionized virus detection for both plant and animal viruses. This was followed by detection of pathogen nucleic acids using a number of techniques that fall into two basic categories: hybridization and amplification [i.e., PCR and reverse transcription (RT)-PCR] based techniques [3] . Both immunological and nucleic acid based detection systems require some a priori characterization of the pathogen. Immunological methods require the production of an antibody and nucleic acid detection systems require knowledge of the pathogen sequence. This is seldom a problem for characterized diseases, but does present a limitation for the identification and detection of unknown pathogens.
Unknown pathogens can be divided into two classes: "unknown knowns", which are pathogens that have well characterized relatives (e.g., a novel unknown potyvirus) [4] , and "unknown unknowns", which are pathogens with no characterized relatives. There are a number of approaches for dealing with unknown known novel plant viruses, including general antibodies [5, 6] , nucleic acid signatures that can identify many members of plant virus families [7] [8] [9] [10] and other commercially available virus group detection assays. However, these reagents are much less likely to be available for poorly characterized plant virus families. The detection of "unknown unknown" plant viruses is particularly problematic, as there are no reference sequences or reagents (e.g., antibodies) available for comparison or identification.
In recent years technologies have been developed that do not require significant prior knowledge of the virus in order to identify it. A researcher may use SDS-PAGE to separate proteins from diseased and healthy plants. Bands unique to the infected plants are excised and identified by peptide mass fingerprints. This technique relies on MALDI-TOF mass spectrometry [11] . Another interesting approach is to interrogate a microarray of viral genomic sequences with an unknown sample to identify an unidentified virus by sequence homology [12] . An added alternative pathway for virus discovery has recently been developed that exploits novel 'next generation' sequencing (NGS) technology. The NGS methods are more sensitive even than the microarray based assay and have potential to detect the complete genome of either unidentified or unexpected viruses [13] [14] [15] .
In the new era of NGS technology, hundreds of gigabases of sequences can be obtained directly utilizing total nucleic acid extracts from infected and healthy hosts [16] . The revolutionary NGS technologies have opened new perspectives for research in the areas of sequencing of viral genomes, evolution, ecology, diagnostics and interactions between viral and host transcriptomes. In the last seven years improved chemistries, software and advances in engineering were combined, which has led to the NGS technologies. The reduced costs and increased accessibility of the technologies have resulted in increased application of this novel technology in the various fields of plant virology. NGS methods can be classified into three categories. (1) The 'second generation' system comprised of (i) the first commercially available NGS system that was developed by 454 Life Sciences in 2005 and later purchased by Roche. This sequencing works on the principal of 'pyrosequencing' (ii) the Illumina Genome Analyzer based on the concept of 'sequencing by synthesis' developed by Solexa GA in 2006 and (iii) SOLiD is a unique sequencing process catalyzed by DNA ligase and was commercially released in October 2007, by Life Technologies. (2) The 'third generation' sequencing consists of the 'PacBio Rs' platform developed by Pacific Biosciences. (3) Additional or 'intermediate' platforms for 'second and third generation' sequencing include (i) 'Ion Torrent' by Life Technologies and (ii) 'Helicos' sequencing by Helicos Biosciences. All of these methods are different in terms of their sequencing chemistries and protocols (type of amplification and separation); approximate sequence read lengths, the estimated maximum amount of data generated per run, the main sources of errors, error rates and applications. The 'second generation' system amplified template DNA molecules with a typical 'wash and scan technique' and is able to sequence the populations [17] . Third generation sequencing provides sequence data for single long DNA molecules without gaps. The intermediate category of NGS technologies uses a hybrid approach, with features of both second and third generation sequencing. All NGS methods follow a three step process that includes preparation of a library of short molecules, labeling short molecules with primers to capture and convert RNA into DNA followed by the sequencing phase itself. In this review, we discuss the small RNA (sRNA) NGS technology utilizing Illumina GA IIX platform for discovery of novel Citrus leprosis virus cytoplasmic type 2 (CiLV-C2).
A prominent host defense mechanism against plant viruses is based on RNA interference (RNAi) or silencing, the specific cleavage and degradation of the virus genome. When the plant host is infected with a virus, the plant RNA Induced Silencing Complex (RISC) is directed to destroy the invading viral genome [18, 19] . Viral genomes produce double stranded (ds) intermediates during replication and these serve as substrates for a Dicer-like ribonuclease, which cleaves the dsRNA into small viral-(siRNAs) which binds with the Argonaut protein (Ago) to form the RISC complex [18, 20, 21] . The RISC complex is also used by plants to regulate expression of endogenous genes. The RNA cleavage products of both the viral and endogenous genes accumulate as a pool of sRNAs in the size range of 15-35 nucleotides. All of these sRNAs are prime targets for sequencing using the massively parallel approach and Illumina ® sequencing technologies. Bioinformatic tools are then used to assemble these sRNA sequences into contigs. Genbank is searched for matches to these sequences and a tentative identification of viral genes and a genome can be made. Here we present a bioinformatics and laboratory workflow to identify nucleic acid sequences of known and unknown viruses within the sRNA fragment pool of their plant host. This protocol identifies unknown virus genomes with low concentrations, typically 1-2% of sRNA reads in the sample. It also has been shown to identify multiple viruses present in the same plant, viruses which do not produce symptoms, and both RNA and DNA viruses [22] .
Accurate and rapid identification of the nucleic acid sequences of unknown viruses in nucleic acid extracts of plants is a key to the application of this technology. With the rapid and cost-effective development of NGS technology, elucidation of pathogens using sRNA sequencing has become a practical and thoroughly documented method [23] . Some recent examples in plant virology include identifying Pepino mosaic virus in tomato [24] , Citrus yellow vein clearing virus [25] Citrus chlorotic dwarf virus [26] , CiLV-C2 [27] and Citrus leprosis virus nuclear type (Roy et al. Unpublished) infecting citrus. A similar approach was applied to identify and detect viral pathogens in sweet potato [22, 28] , grapevine [29] [30] [31] and Dactylis glomerata, the wild cocksfoot grass [32] .
General Considerations
A flowchart that summarizes the work flow is provided ( Figure 1 ). The bioinformatic and computational tools needed for this analysis are as follows. A short read aligner such as Bowtie [33] for alignment of short RNA sequence reads to known genome sequences of interest. Sequence assembly tools such as Velvet and the Oases suites [34, 35] are developed to assemble the short RNA sequences into longer contigs and transcripts. The BLAST (Basic Local Alignment Search Tool) [36] is utilized to identify the contigs by sequence similarity searches against Genbank. Results will vary depending on which alignment tool or assembler is used, since different algorithms are used when performing each task by the different software packages. Bowtie and Velvet are relatively fast command line programs which are run in the Linux operating system, allowing effortless execution of options that each program offers. Bowtie is a robust program that is specifically designed to map short reads on to large genomes. Velvet is based on the de-bruijn graph algorithm that excels in aligning very short reads [35] that allows the graph to be traversed by the computationally efficient Eulerian cycle. The alternative assembly strategy is a Hamiltonian cycle used in traditional Sanger Sequence assembly that is computationally much harder to solve for massively parallel datasets and does not scale well [37] . Furthermore an adequate computer system is also essential. In this work, our programs were installed on a Redhat Linux Enterprise 5 system with 12 processors and about 100 GB of RAM available for analysis. The time required to run the analysis is based on a number factors such as the number of replicates or size of your libraries, and the sizes of the databases you want to blast against. It is also affected by the relative purity of your sequence library, for example, whether or not it contains sequences from other viruses, bacteria, or fungi. In most cases it takes between 2-4 hours to complete this analysis. The starting point for examples in this bioinformatic analysis were sequences 15-35 nucleotides in length produced with the Illumina GA IIX platform. The sequencing can be performed by a number of commercial vendors starting with purified RNA. Costs will vary and can be reduced by multiplexing of samples. The resulting short sequence libraries typically have 8-20 million reads. The number of starting reads will vary depending on how many samples are pooled in the sequencing step, which is at the discretion of the researcher.
RNA Isolation and Quality Test for sRNA Sequencing
Before any sequencing of the sRNA pool can be attempted, the RNA from the infected plants must be purified. We have successfully used the Trizol ® reagent (Invitrogen, Carlsbad, CA) and RNeasy ® Plant Mini Kit (Qiagen) for this purpose, starting with infected leaves ground to a powder in liquid nitrogen. The quantity and quality of the resulting RNA preparation must be sufficient to support the sRNA sequencing process. RNA is quantified after purification using the Qubit fluorometer (Invitrogen, Carlsbad, CA). This fluorometric assay is preferred over spectrophotometric quantitation because DNA, nucleotides, proteins and other chemical contaminants do not interfere with the assay. The quality of the RNA is determined using the 2100 Bioanalyser (Agilent, Santa Clara, CA). This instrument performs a microcapillary electrophoresis of the RNA and provides a digitized result with a qualitative assessment in the form of an RNA Integrity Number (RIN) [38] . A RNA extract with higher RIN will provide a better representation in the resulting sequence library. [39] . However, both CiLV-C RT-PCR and serologically-based assays that were expected to identify these viruses failed to detect them in these samples. Therefore we applied sRNA NGS technology to solve this problem, with a hypothesis that the causal virus in this case was a previously unknown variant of CiLV. Total RNA was isolated from a number of leprosis affected leaf samples that were negative for CiLV-C by RT-PCR. 50 µl of total RNA (L147V1@148ng/µl and GD1234@172 ng/µl) was sent to a NGS service using the Illumina GA IIX platform (Fasteris SA, Switzerland) for further processing. The protocol included converting the sRNA into a cDNA library. To do this, the RNA was separated by acrylamide gel electrophoresis, the sRNA (<35 nt) fragments were eluted, and single-stranded ligations with 3′-and 5′-adapters were followed by acrylamide gel purification of the ligation products to prepare purified sRNA. RT-PCR amplification was used to generate a template library. Quality controlled libraries were then quantified and diluted to a concentration of 10 nM. The libraries were then multiplexed in a single-read channel of a 1×50 bp run on the highthroughput Illumina GA IIX platform.
sRNA sequencing protocol

Criterion for bioinformatic analyses
In some cases the full genome sequence of the host plant may be available to facilitate the bioinformatic analysis via removal of host sequences from the assembly process, but this is not essential. The host plants in the following examples have been members of the genus Citrus. Only incomplete genomic sequence data for three citrus species are available, which is a very common situation. The genome of Citrus sinensis (sweet orange) (scaffold v1.0) was used in this study and had 12,574 scaffolds, over-lapping contigs with gaps of known length derived through inferences from pair-end sequencing. These scaffolds had a total length of 252,507,433 bases and a GC content of 34.62%. Genome sequence data for C. clementina ('Mandarin' orange) is also available with 1,389 scaffolds with a total length of 295,168,965 bases and a GC content of 34.96% (www.citrusgenomedb.org). If relatively complete genome sequence data for the plant host is not available, then the most closely related plant genome should be used. We have used this approach in other experiments when the genome of our citrus host, C. macrophylla was not available.
In a number of cases, neither the host plant genome nor the genome of any closely related host genome will be readily available. Though not ideal, there are also solutions to handle this case as well. Experiments should always include a comparable sequence library from healthy plants in order to validate results. Sequences shared between the healthy and diseased plant libraries can be removed from further analysis, since they will not include the viral sequences of interest. The population of sequences that remain will be enriched for viral sequences of interest. As shown in the example below, when starting with field samples, a virus free control sample may not be easily obtained. In this situation, an additional pathway to the discovery of a virus genome in a plant sample is to align the sequence reads from the diseased plant to sequences of known plant viruses. This will identify known virus sequences present in your plant, but these virus sequences may be unrelated to the disease of interest. These sequences can be removed from further consideration. For example, we often find sequences of Citrus tristeza virus (CTV) and citrus viroids present in our plant samples obtained from field sources. The next step is to assemble the remaining reads and use blast to identify contigs that match known plant genomes. The assembly process using Velvet in this case takes only a few minutes, while blasting could take many hours depending on how many candidate sequences are discovered. These sequences can be removed from further consideration. The remaining sequences should be enriched for sequences of unknown viruses of interest. These virus sequences are then identified by further blast searches against Genbank looking for matches to conserved virus genes, such as a coat protein, replicase or movement protein. At this point the e-values may be slightly positive (1.5) though lower e-values indicate a better match (e -1 to e -20 ) whereas in other cases there won't be any hit at all to any known virus genome structure. These contigs or transcripts should also be sequestered for further analysis.
Discovery of Novel Citrus Leprosis Virus Using sRNA NGS
As noted above, NGS produces a very large number of reads. In the current study, the two samples from diseased plants (GUB1 and GUB2) produced 22,226,197 and 17,387 ,445 reads, respectively. In addition, each library was made with insert sizes ranging from 15-35 nucleotides (Figure 2 ). The reads in this case were single, rather than paired-end or mate-paired. Viral sequences present in the degradome as a result of gene silencing tend to be 21 nt in length [22, 23, 40] . When the sequence reads were sorted by size class, a peak at 21 nucleotides in length was observed ( Figure 2) . Although virus RNA fragments derived from the gene silencing pathway are most frequently found in the 21 nucleotide class, when looking for signature sequences from an unknown viral pathogen, we take all sequences that can be reasonably be assembled. Thus, all of the single end reads ranging from 15-35 nt in size were used in this analysis: 20,935,577 (GUB1) and 16,122,595 (GUB2) ( Figure  3 ). Bowtie indexes were built using the Bowtie-build program from the Bowtie suite for both the citrus genome and for known viruses. A Bowtie index is a Burrow-Wheeler index that is used to conserve memory. Using Bowtie version 0.12.7, the reads in each library were mapped to the citrus genome. The mapped reads for each library, 12,512,869 (GUB1) and 10,170,825 (GUB2), were then removed from further consideration, since we were looking for sequences of an unknown virus. The remaining unmapped reads (4,366,936 (GUB1) and 2,833,216 (GUB2) were then mapped to genomic sequences of known viruses using Bowtie (Figure 3 ).
The reads that mapped to known viruses were assembled using Velvet version 1.2.03 and blast was used to search the non-redundant protein database at NCBI in order to identify the virus genes present in the library. In this case blastx was used, since it is the fastest database search tool. Blastx, takes a nucleotide sequence and translates it into amino acids before it searches a protein database. An additional critical advantage of blastx is that viral structures are more conserved at the amino acid level than at the nucleotide level. Each alignment with a negative or slightly positive e-value (cut off e-value no greater than 1.5), to the non-redundant protein database must be examined closely to determine if a pathogen has been found. In the present case study, most amino acid sequence matches were to various strains of CTV, a widely distributed citrus virus that we were certain was not responsible for the disease symptoms observed. Since CTV was not the pathogen of interest, and viral sequences mutate rapidly, contigs assembled from the unmapped reads were examined. Using the Velvet and Oases 0.2.06 tools, reads (4,055,772 for GUB1 and 3,118,554 for GUB2) that did not map to any of the citrus genomes or to known virus sequences were assembled into contigs. The blastx tool was then used to compare these contigs against the non-redundant protein database. Some contigs matched (negative to slightly positive e-values) known viral structures such as a coat protein, movement protein, methyltransferase, helicase and RNA dependent RNA polymerase. These sRNA contigs sequences were retained for further assembly. Note that many authors will estimate the validity of their sequence reads by counting the numbers of identical copies of each read. Those reads with higher copy numbers are deemed to be more reliable. In this case we felt this was not necessary because the reads tiled to form contigs which were clearly viral in nature. Subsequent laboratory work was performed to complete the assembly and determine the sequence of the novel virus genome. Furthermore, if the unknown virus genome is present in low titer or if the RNA is degraded prior to sequencing, there may be valid reads those are not redundant, and so it is wise not to exclude reads at this stage.
However, other contigs did not match sequences in the nonredundant protein database. As noted above, in most cases a blastx search of the protein sequence database is sufficient to identify similar proteins, since most viral structures match at the amino acid level even between evolutionary divergent viruses. On the other hand, nucleotide databases are more comprehensive than the protein database. Therefore blast was used to search the nucleotide databases, including 'nt' (nucleotide database), 'wgs' (whole genome shotgun), and 'EST' (expressed sequence tags) to identify matches between the unmapped contigs and the nucleotide sequences in Genbank. For this purpose, an additional tool, tblastx, which compares the six-frame translations of a nucleotide query sequence against the six-frame translations of a nucleotide sequence database, was useful. This analysis is more timeconsuming but meets the objective, and it can be used to search many different databases. Sequences of fungal, bacterial and plant origin may also be identified at this stage of the analysis. If genome sequences from an alleged viral pathogen are not discovered, then sequences that have been identified as of fungal and bacterial origin may be removed from consideration in another round of assembly and database searching. This can be helpful because assembly programs such as Velvet tend to give a better assembly with less complex input.
In the present case study after subtracting the contigs of CTV and citrus viroids, the total number of virus contigs was reduced from 231 to 46 for GUB1 and from 185 to 27 for GUB2. Both of the libraries when combined had 73 partially matched contigs with CiLV-C. Of these 73, only 33 contigs (23 from RNA1 and 10 from RNA2) in the size range of 101-807 nt which had the most significant expect (e) values (e -24 to e 1.5 ) were saved for further analysis. Approximately 2.30-2.88% of both RNA-1 and RNA-2 reads were recovered from the libraries and were mapped to the CiLV-C2 genomes. Overlapping sequences were removed and the sequence of the CiLV-C2 genome was identified. As both the 5′ and 3′-UTRs sequences were missing from the sRNA sequencing analysis, RACE techniques were used to sequence the UTR regions of RNA-1 and RNA-2 and successfully complete the viral genome sequence. The sRNA NGS data provided coverage of ~33% (RNA1) and ~55% (RNA2) of the CiLV-C2 genome. To verify the NGS data, primers were designed and the expected amplicons were obtained using RT-PCR. Cloning and Sanger sequencing were performed to obtain overlaps and close gaps in the sequences.
The complete nucleotide sequence of a new bipartite RNA virus and its structure was determined. RNA1 (GenBank Accession Number JX000024) and RNA2 (JX000025) of CiLV-C2 had only 58% and 50% nucleotide identities, respectively, with previously described CiLV-C sequences [41, 42] . Conserved domains of CiLV-C2 RNA1 (Helicase and RNA dependent RNA polymerase) and RNA2 (Movement protein) also consistently placed into the CiLV-C cluster and showed that the CiLV-C2 was more closely related to CiLV-C than other viruses [27] . Based on all experimental data, we recommended the unequivocal classification of CiLV-C2 as a definitive member of the genus Cilevirus [27] .
Conclusions and Perspectives
The sRNA NGS method can provide initial sequence information about both 'unknown known' and 'unknown unknown' viruses. In this study, the assembled contigs generated from two sRNA libraries provided a tentative identification of the virus associated with the leprosis symptoms observed, which is an example of an 'unknown known' virus. In general, the sequence will not be fully assembled by tiling of the short sequences and the gaps will need to be filled. If a reference map of a related virus is available, the sequence contigs can be tiled onto the reference genome and PCR used to amplify the sequence between the contigs for Sanger sequencing [27] . In addition the terminal sequences of linear RNA viruses may not be obtained directly. These can be determined by using 5′ and 3′ RACE technologies [27] . Alternatively, if the viral genome is expected to be circular, then the NGS techniques can be supplemented with rolling circle amplification to enhance turnaround time and sensitivity [43] , and verification can be done by inverse PCR methods to amplify the entire genome [25] . At this point the relationship of the new virus to other related viruses can be established by comparing homologous gene sequences. Based on the new sequence information, PCR or serologically based assays can also be used to establish a tight linkage between the novel virus and the symptoms observed. The best way to establish a causal link between a virus and its host is to complete Koch's postulates with a cloned viral genome [44] . The sRNA sequencing approach has potential for sequencing any plant virus [27] , as even DNA viruses are subject to degradation of viral mRNA [22, 23, 45] . Genomes of viruses that are particularly adept at avoiding host imposed silencing may not be easily detected with these methods, but for the most part sRNA sequencing seems to be a particularly effective universal approach to generating sequence for unknown viruses.
